Introduction
Manganese tungstate (MnWOJ is a member of the isostructural series of first-row (Mn, Fe, Co, Ni, and Zn) transition-metal tungstates of which those members of the series with incomplete 3d shells display antiferromagnetic behavior. To supplement the thermophysical properties of the members of the series reported previously,'1-3) the heat capacity of the antiferromagnetic-to-paramagnetic phase transition in MnWO, is discussed in the present work.
The crystal structures of the MnWO, compounds are of the NiW0,-type,(4) space group P2/C(C&); the lattice parameters increase irregularly along the series.@) The structure is monoclinic, with two formula units per unit cell and is characterized by zigzag chains of metal-filled oxygen octahedra aligned along the c-axis. The crystal structure of the NiWO,-type tungstates is shown in figure 1 ; but the magnetic structure of MnW04 is unique among these tungstates. Ferrous, cobalt, and nickel tungstates possess a common magnetic structure in which the magnetic moments are ferromagnetically aligned within the chains in the ac-plane and antiferromagnetically coupled to adjacent layers. @* ') The magnetic unit cell for these compounds is double the crystallographic unit cell along the a-axis (see figure 2) . However, for MnW04 the magnetic unit cell consists of 16 crystallographic unit cells, for Dachs, Weitzel, and Stall@) concluded that the magnetic unit cell of MnW04 is FIGURE 2. Magnetic structure of ferrous, nickel, and cobalt tungstates. After Ulkii.@) twice as large in the b-and c-directions and four times larger in the a-direction as for the other members. The magnetic space group is A,2/a. Two neighboring crystallographic unit cells in the a-direction contain all magnetic structural information (see figure 3 ). The magnetic structure has been analyzed by Dachstg) who attributes the structure to a strong antiferromagnetic coupling along the c-axis, i.e. along the chains. Magnetic-susceptibility measurements by several investigators('0-'2' indicated antiferromagnetic behavior with a Nkel temperature near 15 K and a magnetic moment consistent with an s = 512 magnetic ion.
,-= -l/4 ; = +I/4 2' 21 FIGURE 3. Magnetic structure of manganese tungstate. w Only half the magnetic cell is shown. The second half lies over the layer shown with spin moments in antiparallel array. The x-axis shown does not coincide with the crystallographic x-axis. After Dachs.'e)
Experimental SAMPLE PREPARATION AND CHARACTERIZATION
The powder sample of MnWO, purchased from Rocky Mountain Research had a claimed purity of 99 mass per cent. The dark-brown material was initially amorphous but after compression into a pellet and firing in air at 1370 K for 1 d, sharp X-ray reflexions were obtained. The calorimetric sample was prepared by pressing a pellet, scraping the top and bottom, and firing in a platinum crucible for 5 d at 1300 K. The outer surface was scraped off after firing and the pellet broken into fragments small enough to fit into the calorimeter. X-Ray diffraction analyses showed no impurity lines. The lattice parameters derived for this sample are in good agreement with those found by other investigators (see table 1 Results and discussion
THERMOPHYSICAL FUNCTIONS
The heat capacities of MnWO, are given in table 2 in chronological sequence so that temperature increments usually can be approximately deduced from the adjacent mean temperatures. Series of points for which no temperature increments are given temperature intervals. Within the transition region the thermal functions are based upon numerical integration of heat capacity points mapped on to large-scale plots. Values thus obtained are presented in table 4. Entropy and enthalpy increments below the lowest temperatures of measurement were obtained by extrapolation. They are given in parentheses at the lowest temperature. The procedure involved fitting the heat capacity from 4 to 11.5 K with an exponential curve which was then extrapolated down to T + 0 and integrated. This extrapolated entropy is about 1 per cent of the total entropy at 298.15 K and as will be seen later, about 8 per cent of the total magnetic entropy.
EVALUATION OF MAGNETIC ENTROPY
The experimentally measured heat capacity consists of contributions from the lattice vibrations as well as from the magnetic interactions. An estimate of the lattice contributions is, therefore, necessary to resolve the magnetic heat capacity. The heat capacity of ZnWO,(') serves as an approximation to the lattice contribution for MnWO,. The zinc compound is isostructural and from the melting temperature together with the Lindemann relation, would seem to possess chemical a Based on C = 0.05 c& K-l mol-' (T/K)*.7a3 see text.
bond strengths similar to those found in the manganese tungstate. Experimentally, the trends of the heat capacities are very similar; the zinc tungstate has a heat capacity only several tenths of a per cent larger than that of the manganese compound between 150 and 350 K. The ODebye 's were calculated for both the ZnW04 and MnWO, results and the ratios O(MnWO,)/O (ZnWO,) plotted as a function of temperature. From 120 to 350 K, this ratio is linear and nearly unity. The ratio rises as the temperature drops below 120 K and then drops sharply near 65 K as the magnetic heat capacity affects Q(MnW0,).
Harmonic theory predicts @(MnWO,)/@(ZnWO,) % (Mz,/M,,)'/2 = 1.091 in which M's represent atomic masses; this value was chosen as the lowtemperature limit of the ratio and the curve interpolated smoothly between the lowtemperature limit and the experimental ratios above 65 K. The interpolated O(MnWO,)'s were then calculated from the ratio curve and the experimentally known O(ZnWO,)'s. The thus defined lattice heat capacities of MnWO, were then calculated.
The ionic (rather than the formula) masses were used since the valence force field calculations of Lesne and Caillet(20) showed that Mn2+ ions are but loosely coupled to the rigid oxygen tungsten matrix. Hence, at low temperatures the first-row metals are vibrating independently of the tungstens. Such behavior has been seen in the studies of iron impurities in metal host lattices. (21) When the magnetic entropy was calculated using a lower limit for the O-ratios based upon the formula masses, only 85 per cent of the expected magnetic entropy appeared. For these reasons the ionic masses were used.
The low-temperature heat capacities for MnWO, are presented in figure 4 . A small peak appears at (6.8010.1) K; the main peak is bifurcated with twin peaks appearing at (12.57 kO.05) K and (13.3610.05) K. The low-temperature values for zinc tungstate are also shown. The curve drawn through the ZnWO, results represents the estimated lattice contribution of MnWO, as calculated above.
The magnetic heat capacity is the difference between the total and estimated lattice heat capacities. The magnetic enthalpy and entropy were calculated by integration of the heat capacity as 44.4 Cal, , , respectively of the expected spin-only value of R In 6 = 3.56 Cal,, K-' mol-' for an s = 512 system. The discrepancy is well within the uncertainty occasioned in the lattice estimate and the heat capacity extrapolated below 4 K. Short-range ordering accounts for 28 per cent of the entropy above the 13.36 K peak.
To estimate the entropy increment below 4 K the magnetic heat capacity from 4 to 11.5 K (excluding the region near the 6.8 K peak) was fit to a power-law dependence Cmag = A(T/K)B, with A = 0.052 cal, K-l mol-', B = 1.734 (see figure 6 ). This power-law dependence was extrapolated to T + 0 and the entropy increment calculated. The entropy below 4 K amounts to about 8 per cent of the total magnetic entropy. The coefficient B is much closer to the value 312 expected for ferromagnetic spin waves than for the cubic dependence of an antiferromagnetic substance such as NiWO, or CoWO,. (3) However, since no theoretical work has been reported for the magnetic spectra of such a complex spin system, no interpretation can be given for B.
From figure 6 it will be seen also that the small peak at 6.80 K is but a small increment to the main power-law dependence and contributes only 0.01 Cal,, K-' mol-' to the magnetic entropy. These reasons, together with the observation that no anomaly is seen in the susceptibilities('*, r2) near 7 K, argue against interpreting the heat-capacity peak at 6.8 K as a magnetic transition. 
MULTIPLE TRANSITIONS IN MANGANESE TUNGSTATE
Can the double peak in MnWO, be attributed to characteristics of the particular sample measured or is this behavior a property of manganese tungstate? Magnetic transitions can be affected by defects of the material such as strains, non-crystallinity, random impurities, lattice defects, grain growth, etc. These defects tend to lower and broaden the heat capacity peak. Hence, if the peak at 13.36 K is the "true" NCel temperature, the 12.57 K peak might be the maximum affected by imperfections. But this lower peak is as sharp as and even higher than the 13.36 K peak, leading to the conclusion that it has not been lowered by imperfections. Weitzel's discoveries ('2P 22) on the properties of (Mn, Fe)W04 lead to the suspicion that the high-temperature peak was displaced upwards in temperature due to the formation of FeWO&ype magnetic order within the sample. From Weitzel's data,(r2) a shift in the Neel temperature of 0.79 K would require a composition of (Mn,.,sFeO.a,)WO~. The spectroscopic determination for iron revealed a mass fraction of only 4 x 10S5 of iron in the sample, more than a thousand times below the required level. Hence, the double anomaly in MnWO, is considered to be characteristic of the compound. Multiple transitions have previously been seen in the low-temperature heatcapacity studies by Murray(23) in M&l, in which twin peaks were found at 1.81 and 1.96 K. Neutron-diffraction experiments (24) revealed MnCl, changes from a lowest temperature antiferromagnetic phase AFM-I to a higher antiferromagnetic phase AFM-II at 1.81 K and then becomes paramagnetic at 1.96 K.
The tungstates have important similarities to the dichloride. Both structures consist of metals occupying octahedral holes in closest-packed lattices of anions. (25) In such structures the nearest-neighbor M-M exchange is with an anion at 90". The problem of exchange in the tungstates was first treated by Van Uitert et a1.(") For 90" superexchange Goodenough (26) has predicted ferromagnetic coupling for
